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Abstract 


An experimental and analytical study of the 
combustion of "partially" vaporized fuel/alr mix- 
tures was performed to assess the Impact of the de- 
gree of fuel vaporization upon emissions for a 
premlxlng-prevaporlzlng flametube combustor. Data 
collected In this study showed near linear In- 
creases In NO^ emissions with decreasing vaporiza- 
tion at equivalence ratios of 0.6. For equivalence 
ratios of 0.72, the degree of vaporization had very 
little Impact on NO^ emissions. A simple mechanism 
which accounts for the combustion of liquid drop- 
lets In partially vaporized mixtures was found to 
agree with the measured results with fair accuracy 
with respect to both trends and magnitudes. 


Introduction 

This paper presents analysis and test results 
from a study of the effect of the degree of fuel 
vaporization upon emissions from a flametube com- 
bustor burning premixed, "partially" vaporized 
Jet A fuel. 

Increased demands are being placed upon com- 
bustion systems as a result of escalating costs for 
fuel and maintenance as well as regulations govern- 
ing the permissible levels of exhaust gas pollu- 
tants. Several studies have explored methods of 
advancing combustor technology to meet these de- 
mands. A combustion technique which has been Iden- 
tified as a potential method of obtaining superior 
performance, high durability, and low pollutant 
emissions is premlxed-prevaporlzed combustion at 
lean equivalence ratios. 

Numerous flametube studies^* have demon- 
strated the low emissions potential of the lean 
premixed, prevaporized (IPP) approach, particular- 
ly, with respect to oxides of nitrogen. In gen- 
eral, these studies have utilized fully premixed, 
prevaporized mixtures In which the fuel Is com- 
pletely vaporized and well mixed with air prior to 
combustion. In the application of the LPP concept 
to aircraft gas turbines. It may not be feasible to 
obtain this Ideal condition because, at some oper- 
ating points, the fuel-air mixture may become chem- 
ically reactive and autolgnlte prior to achieving 
complete vaporization. 

The objective of the research presented here- 
in, was to study the combustion of "partially" 
vaporized fuel-air mixtures to assess the Impact of 
the degree of fuel vaporization upon emissions. An 
analysis of the cond>ustlon of partially vaporized 
mixtures was developed to predict nitrogen oxide 
emissions. The r'*sults of the analysis are com- 
pared to the experimental data obtained from tests 
conducted In a flametube rig using a water cooled 
perforated plate flameholder. The spatial fuel 
distribution snd degree of fuel vaporization were 
measured upstream of the flameholder and pollutant 
emissions measurements were obtained by probing the 


combustor. Tests were conducted at an Inlet air 
pressure of 0.3 MPa, Inlet air temperatures of 600 
and 700 K, a reference velocity of 35 meters per 
second, and equivalence ratios of 0.60 and 0.72 
using Jet A fuel. The degree of vaporization was 
varied from 72 to 100 percent vaporized. 


Analysis 

The application of lean premlxed-prevaporlzed 
combustion to aircraft gas turbines may entail the 
burning, at certain times, of fuel and air mixtures 
In which the fuel is only partially vaporized. The 
mechanism, which Is herein proposed to account for 
the effect of partially vaporized mixtures upon 
emissions of oxides of nitrogen (NOx)i Is based 
upon the observations of several Investlgators^^*^^ 
of droplets being consumed by diffusion flames In 
partially vaporized mixtures and the rationale that 
the combustion of liquid droplets, as well as phase 
burning, will contribute to the total NOj^ emissions 

For mixtures which are comprised of mostly 
vapor, the Impact that droplets have upon the com- 
bustion process can be viewed as a perturbation to 
the main vapor burning mechanism. The total NO^ 
produced by the liquid droplets burning can then be 
considered an addition to vapor contribution. Thus 
total NOx emissions for a partially vaporized mix- 
ture can be separated as 


(NO^) 


total 


Ev 


(NO^) 


vapor burning 


+ 


(1 - E^) • (NO^) 


droplet burning 


where Ey Is the fraction of the fuel In the vapor 
state and (1 - Ey) the fraction of fuel In the liq- 
uid droplet state. 

Emissions of oxides of nitrogen (NO^) have 
been found to be strongly Influenced by both the 
equivalence ratio and the combustor entrance condi- 
tions. The adiabatic flame temperature, which Is 
Itself a function of these quantities, has been 
found to be a useful correlation parameter for 


For partially vaporized mixtures, the<vapor 
phase adiabatic flame temperature, Ty, Is a func- 
tion of the vapor phase equivalence ratio, cpy, 
which Is a function of the fuel vapor fraction, 

Ey, and the overall equivalence ratio, cp. 

:Pv ■ Ey ■ tP 

From a knowledge of these quantities. It Is possi- 
ble to determine the vapor phase adiabatic flame 
temperature, Ty, and the corresponding NOx emis- 
sions by using an analytic model^^>^^ for combus- 
tion In a stirred reactor or published experimen- 
tal data.^»®«^5 

Droplet combustion has been found to be a 
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diffusion flame mechanism with sColchlomeCrlc con* 
dlclons and correspondingly high CemperaCures which 
produce large quantities of NO^* Thus, It may be 
assumed that NOx produced by droplet combustion can 
be estimated from the adiabatic flame temperature, 
which corresponds to stoichiometric conditions 
at the combustor Inlet conditions. 

Based upon this analysis, the effect of fuel 
vapor fraction, Ey, on the total NOx emissions over 
a range of Inlet temperatures and overall equiva- 
lence ratios has been calculated. The results are 
shown In Fig. 1 and tabulated In Table I. 

Figure 1(a) shows the effect of fuel vapor 
fraction upon the total NOx emissions for fixed 
residence time. Inlet pressure, and overall equiva- 
lence ratio over a range of Inlet temperatures. 

The total NOx emissions decrease with decreasing 
Inlet temperature. This would be expected since 
NOx correlates with adiabatic flame temperature 
which Itself decreases with decreasing Inlet tem- 
perature. 

Figure 1(b) shows the effect of fuel vapor 
fraction upon the total NOx emissions for fixed 
residence time. Inlet pressure, and temperature 
over a range of overall equivalence ratios. The 
total NOx emissions decrease with decreasing over- 
all equivalence ratio, a result expected since the 
adiabatic flame temperature decreases with decreas- 
ing overall equivalence ratio. 

In Fig. 1(b), note that a minimum exists In 
the total NOx emissions for overall equivalence ra- 
tios of 0.7 and 0.9. The reason for this minimum 
Is the tradeoff which exists between reductions In 
the vapor phase equivalence ratio to reduce the 
vapor phase NOx contribution and a corresponding 
Increase In the liquid fraction which Increases the 
NOx contribution for liquid droplet burning. The 
NOx emissions Initially decrease with decreasing 
fuel vapor fraction, Ey. The reduction In the 
vapor phase equivalence ratio dominates since the 
liquid droplet fraction contribution Is Initially 
small. A balance point between the vapor phase and 
droplet contributions Is reached at a minimum NOx 
emission. The liquid droplet fraction contribution 
then dominates with the NOx Increasing with de- 
creasing vapor fraction (Increasing liquid droplet 
fraction) . 

Based upon the results tabulated In Table I, 
the following behavior may be noted In terms of the 
vapor phase adiabatic flame temperature, Ty. For a 
given Inlet temperature and overall equivalence 
ratio - 

1. When the vapor phase adiabatic flame tem- 
perature, Ty, falls below 2050 K, decreases In the 
fuel vapor fraction will result In an increase In 
the total NOx emissions. (Liquid droplet fraction 
contribution dominates). 

2. If the vapor phase adiabatic flame temper- 
ature, Ty, Is between 2050 and 2200 K, decreases In 
the fuel vapor fraction will have little effect on 
total NOx* (Liquid droplet fraction and vapor 
phase contributions balanced). 

3. If the vapor phase adiabatic flame temper- 
ature, Ty, is a'ove 2200 K, decreases In the fuel 
vapor fraction will result In a decrease In NOx 
emissions. (Vspor phsse contribution domlnstea). 


The minimum NOx emissions occur at the fuel vapor 
fraction which corresponds to a vapor phase adia- 
batic flame temperature of approximately 2100 K. 
Mixtures for which the vapor phase adiabatic flame 
temperature Is always below 2100 K have their mini- 
mum at complete fuel vaporization. 

For given Inlet conditions and combustor geom- 
etry, the lean stability limit Is the lowest over- 
all equivalence ratio which will support combustion. 
As shown In Table I and marked on Fig. 1, the lean 
stability limit has been assumed to be the point 
when the vapor phase adiabatic flame temperature 
falls below 1700 K. This value Is based upon the 
results^ of flametube studies of prevaporized fuels. 
Lean stability limits for partially vaporized mix- 
tures tend to be lower than those of fully vapor- 
ized mixtures and depend upon droplet size number 
and distribution. These factors are dependent 
upon the particular combustion system being studied. 
For the purposes of this paper. It Is assumed that 
the lean stability limit Is conservatively deter- 
mined to be the point when the vapor phase adia- 
batic flame temperature falls below 1700 K. 


Apparatus and Procedure 

The tests reported herein were conducted In a 
closed duct test facility as shown In Fig. 2. In- 
coming air to the test section was preheated to 
temperatures from 600 to 700 K by a nonvitiating 
preheater. Jet A fuel was Injected Into the air- 
stream thr..ugh two different fuel Injectors which 
were mounted In series 18 to 44 cm upstream of a 
water-cooled perforated plate flameholder. The 
mixture burned In a water-cooled combustor section. 
Samples of the fuel-air mixture upstream of the 
flameholder were obtained for analysis to determine 
the degree of fuel vaporization and fuel-air ratio. 
Samples of combustion products were analyzed to de- 
termine gaseous emissions. 


Fuel Injectors 

Two different fuel Injectors were ut .ilzed In 
this study. The Injector shown In Fig. 3 Is de- 
noted as the multiple conical tube Injector. 
Seventeen conical tubes form a tube bundle through 
which the air flows. Each conical tube had an up- 
stream diameter of 1.3 cm and a half angle of 7°. 
The length of the tubes was 10.2 cm. Fuel was In- 
jected at the upstream end of each conical tube 
through a 0.5 mn l.d. open ended tube. Each fuel 
tube had a length of 25.4 cm. This Injector was 
located 44 cm upstream of the flameholder for all 
testa and was designed to produce complete fuel 
vaporization at the flameholder plane. 

The Injector shown in Fig. 4 Is the multiple 
Jet Injector. Fuel was Injected cross stream 
through 48 orifices which were 0.05 cm diameter. 
The orifices were located so that each of the ori- 
fices Injected fuel Into a space of approximately 
equal area. Thl> Injector was located 18 cm up- 
stream of the perforated plate f laoieholder. This 
Injector was designed to produce Incomplete fuel 
vaporization at the flameholder plane. 


Flaaieholder 

The water-cooled flameholder was made by weld- 
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Ins 61 tubes of 0.6 cm l.d. between two 0.6 cm thick 
etelnleee steel pistes, ee shown in Fig. 5. This 
arrangement resulted In an open erea of 25 percent 
of the Inlet duct crose-sectlonal ares. Several 
tharmocouples were mounted on the upetreem surfece 
of the flameholder to detect burning upetreem of 
flameholder. An automatic fuel ahut off control 
waa connected to these thermocouples to minimise 
hardwere damage in the event of autoignition or 
flaahback. 


Combuator 

The weter-cooled combustor was 10.2 cm in di- 
ameter, the seme as the inlet duct, and 80 cm in 
length (see Fig. 2). At the downstream end, quench 
water was sprayed into the gas stream to cool the 
exhauat to about 370 K. This mixture of combustion 
products and water passed through a remotely oper- 
ated back-pressure valve for control of rig pres- 
sure. 


Gas Sampling 

Gas sampling of the combustion gases was ac- 
complished by two sets of multipoint gss sampling 
probes. Each set co>,sisted of four water-cooled 
probes spaced 90° apart around the combustor. The 
two sets were located 48 and 79 cm downstream from 
the flameholder plane. The downstream set was ro- 
tated 45° with respect to the upstream set, in or- 
der to minimise wake interference effects. Each 
probe was 1.27 cm in diameter and had three ports 
of 0.165 cm diameter located at centers of equal 
area in the circular combustor section. Stainless 
steel tubing (0.95 cm diameter) connected the gas 
sample probes to the gas analysis Instrumentation. 
The gas sample line was heated with superheated 
steam to prevent condensation of unburned hydro- 
carbons. The sample line was approximately 18 me- 
ters long. 

Gas analysis equipment included a flame ioniza- 
tion detector for measuring unburned hydrocarbons, 
nordispersive infrared analyzer for measuring con- 
centrations of carbon monoxide and carbon dioxide, 
and a chemiluminescence instrument for total NOx 
concentration. Calibration of the Instruments with 
standard calibration gases was performed at the be- 
ginning of each day's testing and whenever a range 
change was made. 

A local fuel-air ratio and degree of vaporiza- 
tion were determined from gea samples obtained from 
a traversing, single port sample probe located im- 
madlately upstream of the flameholder. The fuel 
and air mixture wee passed over e catalyst healed 
in an oven to 1030 K end the reaction products were 
analysed for carbon dioxide, carbon monoxide, and 
unbumed hydrocarbons . The amounts of carbon monox- 
ide and unbumad hydrocarbons measured were negligi- 
ble (<100 ppm) because the mixture ratios were lean 
and nearly complete reaction occurred in the cata- 
lyst bed. 


Measurement and Computation 

Tests were cotulucted at inlet air temperatures 
of 600 and 700 K, a pressure of 0.3 MPa, a reference 
velocity of 35 matars per seco>td, end equivalence 
ratios of 0.60 and 0.72 using Jet A fuel. Rafarence 


conditions were based upon the total airflow, the 
inlet air density using total temperature and pres- 
sure at the inlet plenum, and the reference. area 
(82.13 cm^) which is the cross-sectional flow area 
in the combustor. 

The combustor residence time was computed by 
dividing the distance of the emir.sion probes from 
the flameholder by the plug flow velocity of the 
combustion gases. 

Emissions were measured as concentrations '^n 
ppm by volume and converted to emission indices 
(El) using the expressions suggested in Ref. 18. 

Sample validity was checked by comparing the 
fuel-air ratio based on metered fuel and airflow 
rates to the fuel-air ratio based on a carbon bal- 
ance from the measured concentrations of CO, CO2, 
and unbumed hydrocarbons. Only those points whose 
metered and calculated ratios varied by less than 
15 percent are included in this paper. 

The degree of vaporization was determined with 
the spillover technique as described in Ref. 19. 

This method consists of varying the sample flow 
through a single port probe, above and below the 
isokinetic value. Then from the variation in the 
carbciu oalance fuel-air ratio of different flows 
fJirough the probe, the degree of vaporization can 
he determined. The reported vaporization data was 
trken in the center of the duct. Spot checks of 
the degree of vaporization at other locations 
showed less than 3 percent variation across the 
duct. 

Two different fuel injectors were used in this 
study as a convenient method to alter the degree of 
vaporization. The multiple conical tube injector 
was located 44 cm upstream of the flameholder for 
all teats. When fuel was injected at this location, 
complete vaporization was obtained. The multiple 
Jet injector was mounted 18 cm upstream of the 
flameholder. When fuel was injected through it, 
only partial vaporization of the fuel was obtained. 
The degree of vaporization could thus be easily al- 
tered by varying the fuel flow split between the 
two injectors. It varied from complete vaporiza- 
tion when all the fuel was passed through the multi- 
ple conical tube injector to a minimum level of 
vaporization when all the fuel was passed through 
the multiple Jet cross stream injector. 


Results and Observations 

An experimental study of the combustion of 
"partially" veporizid t'uel-air mixtures was per- 
formed to assess the impact of the degree of fuel 
vaporization upon emissions and to provide data for 
comparison to NOx e">laalot>a predicted by the appli- 
cation of the mechanism presented in the Analysis 
section. As described in the section Measurements 
and Computation, the degree of fuel vaporization 
waa altered by varying the fuel flow epllt between 
two different fuel injectors mounted in series end 
oianlfolded together. Date for spatial fuel dietri- 
butione and degree of vaporisation at the flame- 
holder are presented. Emission indices for NOx are 
shown for measurements 79 cm from the flameholder. 
Carbon monoxide emission Indices for measurements 
at 48 and 79 cm from the flamaholdar are also 
given. 
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Ba«elln« Test Results 

Spstlsl fuel distribution . - Fuel*slr rstio 
distributions sre shown In Fig. 6 for bssellne con- 
figurations , those for which all the fuel was 
passed through a single fuel Injector. With an In- 
jector to flameholder distance of 18 cm, the multi- 
ple Jet Injector produced fuel-air ratio distribu- 
tions which were within ±15 percent of the mean 
values. The distributions for the multiple conical 
tube Injector were measured to be within ±5 percent 
of the mean values. 

Vaporitstlon . - Degree of vaporlzstlon date at 
the flameholder for the baseline configurstions is 
presented in Table II. Injection of the fuel 
through the multiple Jet injector resulted in vsri- 
ous amounts of fuel vaporization. Increasing the 
inlet temperature produced Increases in the degree 
of vaporization. 

Fuel injection through the multiple conical 
tube Injector was found to produce complete fuel 
vaporization for all test conditions. 

NO^ emissions . - Parametric tests of the mul- 
tiple conical tube injector were performed to ob- 
tain data comparable to other experiments of 
premlxed-prevaporized combustion. In Fig. 7, NO^ 
emissions for this injector are presented. The 
emission index is seen to be an exponential func- 
tion of equivalence retio and to also vary with 
coisbustor Inlet temperatures, results found by nu- 
merous previous investigators. These baseline data 
are replotted versus the adiabatic flame tempera- 
ture in Fig. 8. Comparison of the results of this 
study with those of Ref. 20 and analytic predic- 
tions based upon the model of Ref. 16 shows good 
agreement. 

N0]( emissions data for the multiple Jet injec- 
tor and the multiple conical tube injector are sum- 
marised in Table III. These data are for the 
probes located 79 cm downstream of the flameholder. 
NO^ data for the 48 cm location is not presented 
because the results are similar to those of the 
79 cm location. Due to the residence time differ- 
ences in the probe locations, the NO^ emissions 
were saa>e%fhat lower at the 48 cm location. 


Parametric Test Results 

Parametric tests on the effect of fuel vapor- 
ization upon NOx emissions were conducted by simul- 
taneously flowing fuel through the multiple conical 
tube and multiple Jet injectors. Since these in- 
jectors produced different baseline levels of va- 
porization, the degree of vaporization was easily 
aianipulated by varying the fuel flow split between 
the two injectors. The emissions corresponding to 
the particular level of vaporization were then ob- 
tained. 

Spatial fuel distribution . - Fuel-air ratio 
distributions were measured at several conditions 
for which the fuel was injected through both injec- 
tors. These distributions showed the same general 
patteriM established by the baseline configuration 
testa and fell within the established bounds. 

Vaporization and emissions . - Results of the 
effects of vaporisation on NOx emissions are pre- 
sented in Fig. 9. The data displays an effect of 


vaporization on NOx vhlch differs with the equiva- 
lence ratio. For an equivalence ratio of 0.60, de- 
creasing the degree of fuel vaporization leads to a 
nearly linear increase in NOx* However, for equiv- 
alence ratios of 0.72, changes in vaporization had 
very little impact on the NOx emissions. Both 
slight increases and decreases were found. 

Results on the effect of vaporization on CO 
emissions are shown in Fig. 10(a) for the 48 cm 
probe location. The data displays uniform declines 
in CO level with Increasing degrees of vaporization. 
This indicates that the combustion of the fuel drop- 
lets lags that of the fuel vapor. Therefore, the 
primary zone residence time needs to be longer for 
partially vaporized mixtures in order to obtain 
Ir els of CO emissions equivalent to those of fully 
prevaporized mixtures . 

Data for the 79 cm probe position is shown in 
Fig. 10(b) and shows the combustion of CO to be es- 
sentially complete and the degree of vaporization 
having little effect on the final levels of CO ob- 
tained. 


Discussion 

The NOx data collected in this experimental 
study show that NOx increases linearly with de- 
creasing degree of vaporization for an overall 
equivalence ratio of 0.60, and that, for an overall 
equivalence ratio of 0.72, the NO^ emissions are 
only slightly affected by changes in the degree of 
vaporization. These trends are in agreement (see 
Fig. 1) with the results predicted by the mechanism 
proposed in the Analysis section. Recall that the 
proposed mechanism consists of both a vapor phase 
contribution to the NOx well as a contribution 
due to the stoichiometric combustion of liquid 
droplets. 

In order to determine if the experimental data 
supports the proposed mechanism for NOx emissions, 
the fuel vapor fraction, Cy, must first be deter- 
mined from the degree of vaporization, E. These 
quantities are not identical since the degree of 
vaporization was measured upstream of the flame- 
holder and as such is not an accurate measure of 
the relstive liquid droplet-vapor phase fuel dis- 
tribution which ultimately undergoes combustion. 

A sizeable fraction of the droplets would be ex- 
pected to impset upon the flameholder. A liquid 
sheet would be formed which would undergo both va- 
porization and be drawn to Che holes in Che flame- 
holder by differences in the local static pressure. 
This liquid sheet would then be csrried through the 
flasieholder snd reaComized into the combustion zone 
by Che high velocity air screams. The calculsted 
droplet size rsnge for Che restomlzed liquid is 
10 to 15 microns Ssutcr Mesn Diameter. InveaClga- 
Cors^^>^^ have found Chat droplets in this size 
rsnge bum as would a completely vaporized mixture, 
a "pseudo vapor." Thus droplets which lnq>sct the 
perforated plate flameholder ultimately burn and 
produce NOx ** would a vaporized mixture. 

This observation on the NOx contribution from 
small droplets was confirmed by plscing Che multi- 
ple conicsl Cube injector 18 cm upstream of the 
flameholder. It was observed Chat only 85 percent 
vaporization was achieved. However, Che NOx 
sions were nearly equivalent Co Chose of completely 
vaporized mixtures. The calculated initial drop- 
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•Ize for this injector was IS microns Sauter Mean 
Diameter, and as In the case of the reatomlzed liq- 
uid, falls within the size range where droplets 
burn as would vapor. 

the above statements and observations Indicate 
that only droplets not Impacting the flameholder 
could contribute to NO^ by a diffusion flame mecha- 
12 22 

nlsm. Investigators • have found that fuel 
droplets greater than SO mlcrona are consumed by 
the diffusion flame mechanism. Based upon calcula- 
tions of the initial dropslze dlatrlbutlon for the 
oultlple jet Injector and analysla of droplet heat 
up and vaporization times, it Is estimated that 
greater than 9S percent of the fuel droplets at the 
flameholder plane are larger than the SO micron di- 
ameter. Thus for purposes of computing the frac- 
tions of fuel In vapor and liquid phase. It will be 
assumed that all droplets not Impacting the flame- 
holder are consumed by a diffusion flame mechanism 
and that the remaining fuel may be treated as 
"pseudo vapor." The liquid fraction, Ej, Is then 

Ed - a - B) • (1 - E) 

where B Is the flameholder blockage, (1 - B), the 
flameholder fractional open area, E, the measured 
degree of vaporization, and (1 - E), the computed 
fraction of fuel In liquid droplet phase. The fuel 
vapor fraction, Ey, would then be (1 - Ed). 

For the experimental conditions studied In 
this program Table IV presents the computed fuel 
vapor fraction and NO^ emission Indices for various 
degrees of vaporization. As discussed In the Anal- 
ysis section, the total NO^ emissions are cooiputed 
from 


(NOx) 


total ■ ^ <1 - =v) 


';p«l 


where (N0_) 


tp-1 


la the value for stoichiometric 


burning and (NOx)^ 1* the value for burning at a 

"pseudo vapor" fraction equivalence ratio cpv. The 
values of NOx v^lch correspond to a pseudo vapor 
phase equlvslence ratio, (py, were determined from 
the experimental data shown In Fig. 7. The NO^ 
emission Index for burning at stoichiometric condi- 
tions were determined from stirred reactor predic- 
tions. Values of 30 and 45 were used for Inlet 
teaiperatures of 600 and 700 K, respectively. The 
total NOx values are shown In Fig. 11 with the data 
collected In this study. Note again that the de- 
gree of vaporization, E, was measured upstream of 
the flameholder. 


The NOx ‘■niaa^on Indices predicted by the pro- 
posed mechanism are In fair agreement with the mea- 
sured values. Application of the mechanism accu- 
rately predicts the effect of decreasing vaporiza- 
tion on N0x> Chat la, a linear Increase In NO^ for 
equivalence ratios of 0.60 and very little change 
for equivalence ratios of 0.72. 


Concludlna Remarks 

An experimental and analytical study of the 
combustion of "partially" vaporized fuel-air mix- 
tures was performed to assess th^ Impact of the de- 
gree of fuel vaporization upor emissions for a 
pramlxlng-prevaporlzlng flarvatube combustor. Teeta 
were conducted at an Inlet air preaaure of 0.3 MPa, 


Inlet air temperatures of 600 and 700 K, a refer- 
ence velocity of 35 meters per second and equiva- 
lence ratios of 0.60 and 0.72 using Jet A fuel. 

The degree of vaporization was varied from 72 to 
100 percent vaporized. 

The data collected In this study displays an 
effect of vaporization upon NOx emissions which 
differs with equivalence ratio. For an equivalence 
ratio of 0.60, decreasing Che degree of vaporiza- 
tion Increases the NOx emission Index. (From 1.5 
at 100 percent vaporization Co 2,8 at 72 percent 
vaporized and from 2.3 at 100 percent vaporization 
to 4.3 at 75 percent vaporized for Inlet tempera- 
tures of 600 and 700 K, respectively.) The In- 
creases were nearly linear functions of Che degree 
of vaporization. For equivalence ratios of 0.72, 
Che degree of vaporization had very little impact 
on the NOx emissions, (From 4.5 at 100 percent 
vaporized Co 4.1 at 72 percent vaporized and from 
8.3 at 100 percent vaporized to 8.3 at 75 percent 
vaporized for Inlet temperatures of 600 and 700 K, 
respectively.) 

A simple mechanism which accounts for the com- 
bustion of liquid droplets In Che partially vapor- 
ized mixtures was found to predict Che measured NO^ 
levels with fair accuracy. Both Che trends and 
magnlCudea at varloua degrees of vaporization, 
equivalence ratio and temperature are found to 
agree with measurements. 

The effect of Che degree of vaporization upon 
CO emissions varied with combustion residence time. 
Uniform decreases In Che CO level with Increasing 
vaporization were fouud for residence times of 3 Co 
4 milliseconds. Measurements at longer residence 
times showed the combustion of CO Co be essentially 
complete and Che degree of vaporization having lit- 
tle effect on Che CO emisslona. 
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TABLE I 


EFFECT OF FUEL VAPOR FRACTION UPON NITROGEN OXIDES EMISSION INDEX OVER A RANGE OF 


INLET TEMPERATURES AND EQUIVALENCE RATIOS 
[inlet pressure, 10 atm; residence time, 2 msec.] 


Inlet temperature, K 


600 

800 

Vapor phase 
f 1 ame tem- 
perature, 
Tv> 

K 

NO^ emission 
Index, 

gN 02 /Rg fuel 

Vapor phase 
flame tem- 
perature, 
Tv» 

K 

NOx emission 
Index, 

gN 02 /kg fuel 


f 1 ame tem- 
perature, 
Tvf 
K 


Index, 

gN02/kg fuel 



Below lean blowout limit of 1700 K. 


TABLE II. - DEGREE OF VAPORIZATION AT FLAMBIOLDER OVER A RANGE 
OF EQUIVALENCE RATIOS AND INLET TEMPERATURES 
[Reference velocity, 35 m/sec; Inlet presaure, 0.3 MPa.] 


Equivalence 

Injector type 

Injector to 

Inlet temperature, K 

ratio, 

? 


spacing. 

600 

700 




Degree of vaporization 
at f landholder xl00%, 
percent 

0.60 

Multiple 
conical tube 

44 

100 

100 

0.60 

Multiple jet 

18 

72 

75 

0.72 

Multiple 
conical tube 

44 

100 

100 

0.72 

Multiple jet 

18 

72 

75 


























































TABLE III. - NITROGEN OXIDES EMISSION INDEX OVER A RANGE OF EQUIVALENCE 
RATIOS, INLET TEMPERATURES, AND DEGREE OF VAPORIZATION 


[Sample probe position, 79 cm; reference velocity, 35 m/sec; Inlet 
pressure, 0.3 MPa.] 


Equivalence 

ratio, 

V 

Injector type 

Injector to 
flameholder 
spacing, 
cm 

Inlet temperature, K 

600 

700 

Average NO^ emission Index, 
gN 02 /kg fuel, 
at percent vaporization 

0.60 

Multiple 
conical tube 

44 

1.5 at 100% 

2.3 at 100% 

0.60 

Multiple Jet 

18 

2.8 at 72% 

4.3 at 75% 

0.72 

Multiple 
conical tube 

44 

4.5 at 100% 

8.3 at 100% 

0.72 

Multiple Jet 

18 

4.1 at 72% 

8.3 at 75% 


TABLE IV. - PREDICTED NITROGEN OXIDES EMISSION INDEX FOR PARTIALLY 
VAPORIZED MIXTURES OVER A RANGE OF EQUIVALENCE RATIOS, INLET 
TEMPERATURES, AND DEGREE OF VAPORIZATION 


[Flameholder blockage, 75%; residence time, 6 msec.] 


Degree 

of 

vapor- 

ization, 

E 

Fuel 

vapor 

fraction, 

Ev 

Overall q> 

0.60 

0.72 

0.60 

0.72 

0.60 

0.72 

Pseudo vapor fraction 
equivalence ratio, 

Inlet temperature, K 

600 

700 

Total 

NO^ emission Index, 
gN02/l(8 fuel 

0.70 

0.9250 

0.555 

0.666 

3.22 

4.84 

4.61 

7.71 

.75 

.9375 

.563 

.675 

2.88 

4.73 

4.27 

7.69 

.80 

.9500 

.570 

.684 

2.64 

4.65 

3.91 

7.67 

.85 

.9625 

.577 

.693 

2.35 

4.56 

3.47 

7.75 

.90 

.9750 

.585 

.702 

2.09 

4.50 

3.08 

7.84 

.95 

.9875 

.593 

.711 

1.81 

4.45 

2.68 

8.00 

1.00 

1.0000 

.600 

.720 

1.55 

4.50 

2.3 

8.25 
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(b) CONSTANT INLET TEMPERATURE, 800 K. 

Figure L - Effect of fuel vapor fraction upon nitrogen oxide 
emission index over a range of inlet temperatures and 
equivalence ratios. Inlet pressure lIMPa residence 
time, 2 milliseconds. 





Figure 2. - Rig schematic. (Dimensions in cm.) 







Figure 4.- Multiple jet injector. 
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Figure 5. - Flameholder (dimensions in cm) blockage of 75 percent. 
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Figure 6. - Spatial fuel distribution at flameholder 0. 3 MPa. 

over a range of equivalence ratios and inlet tem- 
peratures. Reference velocity, 35 meters per 
second. Inlet pressure, 0. 3 MPa. 
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